Objective: To measure vaccine effectiveness (VE) in preventing influenza-related health care visits among children aged 6 to 59 months during 2 consecutive influenza seasons.
T HE UNITED STATES AND SEVeral other countries have expanded their childhood influenza vaccination reco m m e n d a t i o n s i n r esponse to evidence that influenza disease causes substantial morbidity among young children. Analyses of insurance claims [1] [2] [3] [4] and population-based studies of laboratory-confirmed disease 5, 6 have documented high rates of hospitalizations and emergency department (ED) and outpatient health care visits attributable to influenza disease among young children. In 2004, the Advisory Committee on Immunization Practices (ACIP) recommended annual influenza vaccination for all children aged 6 to 23 months. 7 In June 2006, this vaccination recommendation was expanded to include all children aged 6 to 59 months. 8 An inherent assumption of expanded vaccination recommendations is that the vaccine is efficacious in preventing clinical influenza disease. Although studies have documented immune responses following 2 doses of inactivated influenza vaccine [9] [10] [11] [12] as well as vaccine efficacy for culture-confirmed disease in randomized clinical trials, surprisingly little information exists regarding influenza vaccine effectiveness (VE) among young children receiving vaccine in routine health care settings. 13, 14 One reason for this void is that until recently, childhood influenza vaccination has been recommended only for children with chronic conditions and their close contacts, and even so, few eligible individuals have been vaccinated. 15, 16 Recent recommendations for the vaccination of all children aged 6 to 59 months have made the study of VE in the general pediatric population both relevant and timely.
One major challenge in assessing VE against laboratoryconfirmed influenza disease has been that many earlier studies have not used laboratory-confirmed outcomes. Several studies estimated influenza VE against influenzalike illness (ILI) by comparing rates of ILI among vaccinated vs unvaccinated or partially vaccinated children. Studies assessing ILI are inherently compromised by diagnostic uncertainty since the clinical manifestations of influenza disease are similar to those caused by other circulating respiratory pathogens and would lead to underestimates of VE. However, some studies have noted substantial VE against ILI. [17] [18] [19] [20] During the 2003-2004 influenza season, Ritzwoller et al 18 estimated VE to be 49% in outpatient/ED settings for pneumonia-and influenza-coded medical visits among fully vaccinated children aged 6 to 23 months. In the same influenza season, a case-control study in 1 primary care practice compared laboratory-confirmed influenza-positive cases with age-matched controls from the same practice and reported a 52% VE in reducing outpatient visits for influenza among fully vaccinated children aged 6 to 23 months. 21 The inherent difficulties in measuring influenza VE in children highlight the importance of assessing VE using several different study methods and comparing the results of these different types of studies. The objective of our study was to use a case-cohort study method, which selects control subjects who are representative of the general population for comparison with cases, to measure the effectiveness of trivalent inactivated influenza vaccine in preventing laboratory-confirmed influenzaassociated medical visits. We assessed the VE for children aged 6 to 59 months who were hospitalized or had an ED visit and those who had outpatient primary care visits in 3 US counties during 2 consecutive influenza seasons. Evaluating VE for multiple influenza seasons is important because both the severity of the influenza seasons and the match between the vaccine and the circulating strain can be quite variable. We hypothesized that fully vaccinated children would have lower rates of influenza-related inpatient/ED and outpatient visits than unvaccinated or partially vaccinated children.
METHODS
The study was approved by the institutional review boards of the University of Rochester, Vanderbilt University, Cincinnati Children's Hospital, and the Centers for Disease Control and Prevention (CDC).
STUDY SETTING
The study was conducted in 3 counties: Monroe County, New York, with a total population of approximately 750 000 (11 000 births per year), including the city of Rochester; Davidson County, Tennessee (595 000 people; 8000 births per year), including the city of Nashville; and Hamilton County (800 000 people; 12 000 births per year), including the city of Cincinnati. This study was part of the New Vaccine Surveillance Network, 22 which was established in 1999 by the CDC to perform active surveillance for common respiratory viral infections in young children 5, 6 and to assess the impact of new vaccine recommendations on disease outcome.
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STUDY DESIGN
We used a case-cohort design, [28] [29] [30] in which we compared the influenza vaccination status of influenza-positive cases identified by active surveillance with the influenza vaccination status of a randomly selected cohort (more precisely termed a subcohort) from the same population that yielded the cases (Figure) . Vaccine effectiveness was evaluated separately for each season (2003) (2004) (2004) (2005) , age group (6-23 months, 24-59 months, and 6-59 months), and health care setting (inpatient/ED, outpatient primary care). We estimated VE by comparing the vaccination status of cases with the subcohort vaccination status at the time the case developed influenza. The sampling frame for inpatient/ED visits was the county since surveillance was population based at the county level. The sampling frame for outpatient visits was a set of primary care practices where practicewide influenza disease surveillance was being conducted.
IDENTIFICATION OF INFLUENZA-POSITIVE CASES AND CONTROLS (SUBCOHORT)
Inpatient/ED Cases
These children resided in the 3 counties and had laboratoryconfirmed influenza-related hospitalizations (at hospitals serving Ͼ95% of county children) or ED visits. strument and nasal/throat specimens for laboratory examination. 6 For ED cases, we enrolled children either 3 or 4 days/week or every fourth day, varying surveillance systematically across days and ED shifts. In Cincinnati, approximately one-third of the cases in 2004-2005 were from another study that had the same enrollment criteria yielding cases with the same demographic characteristics (results available on request). 31 
Outpatient Cases
During the same 2 influenza seasons, we conducted an analogous, prospective study of laboratory-confirmed influenzarelated outpatient visits among county children (aged 6-23 months or 24-59 months) presenting to selected primary care practices within the 3 counties: 1 practice in Cincinnati Study personnel enrolled children 1 or 2 days/week, varying enrollment days systematically throughout the week to obtain a representative sampling of days and shifts. 6 Participation rates were high, with only 11% of parents refusing during each season.
Laboratory Specimens
Nasal and throat swabs from each enrolled child were collected and tested as described previously. 5, 6, 30, 32 Viruses were identified by viral culture or reverse-transcription polymerase chain reaction. 31 A specimen was influenza positive if viral culture or 2 reverse-transcription polymerase chain reaction assays were positive for influenza A or B. Comparison studies across the 3 laboratories (with the CDC laboratory as reference) showed excellent reliability in identification of influenza. Subtyping was performed for a subset of cases.
Identification of Subcohort
For the inpatient/ED, the subcohort comprised a representative sample of age-stratified children (aged 6-23 months or 24-59 months) from primary care practices within the same counties. We used a probability proportional to size sampling of primary care practices and excluded practices with fewer than 30 newborns per year, which together accounted for less than 5% of the county birth cohorts. Within practices, we randomly selected 1 to 8 clusters of 30 children per age group from patient lists 33 to achieve a desired total of 1800 children per county per season. This sampling method resulted in 16 practices in Rochester (17 selected, 1 declined), 13 in Nashville (14 selected, 1 declined), and 23 in Cincinnati (39 selected, 16 declined). We reviewed medical records for outcomes. The 16 Cincinnati practices that declined did not differ from the 39 selected practices in practice characteristics, including geographic location (urban/ suburban/rural), size (number of physicians), and type (private, hospital clinic, neighborhood health center, or staff model health maintenance organization). For the outpatient component, we randomly selected the subcohort from the same primary care practices that participated in outpatient ARI surveillance for influenza cases, using the procedures described earlier.
DETERMINATION OF INFLUENZA VACCINATION STATUS
Trained medical record abstractors performed medical record reviews for demographic information, vaccination dates, and the dates and types of health care visits on a standardized medical record abstraction form using methods previously standardized across counties. 34 We reviewed medical records for both the relevant year and prior years to determine prior vaccinations and the need for 1 or 2 vaccinations during the relevant year.
Children were defined as fully vaccinated if they received: (1) 2 vaccine doses in an influenza season, more than 24 days apart, with the second dose more than 14 days before ARI onset or (2) more than 1 vaccine dose in a prior influenza seasons (priming 7, 8 ) and 1 dose in the current season more than 14 days before ARI onset. Children were partially vaccinated if they received (1) only 1 of 2 recommended doses during the current season more than 14 days before ARI onset or (2) 2 doses during the current season, with the second dose less than 24 days after the first or within 14 days of ARI onset. All other children were unvaccinated.
VARIABLES Dependent Variables
The primary dependent variable was influenza case status, case or subcohort control. We sampled without replacement so that subcohort children could be selected for both seasons but not twice within the same season. The key outcome measure was VE.
Independent Variables
For cases, a child's influenza vaccination status at the time of the ARI visit was determined by medical record review at the child's primary care practice. Vaccination cards were rarely available, but if so, influenza vaccination dates were recorded and used. For the subcohort, influenza vaccination status was determined by medical record review.
Covariates included sex, insurance status (private vs public/ none), and presence of risk factors, chronic conditions documented in medical records for which influenza vaccine is recommended 35 ( Table 1) . Race/ethnicity was not a covariate because it was unobtainable for 60% of the subcohort by medical record review.
STATISTICAL ANALYSES Sample Size Estimates
Inpatient and ED cases were combined a priori into 1 group because they were population based and to increase the number of cases of more severe influenza disease. Based on anticipated influenza vaccination rates of 10% to 30%, and design effects from the cluster sampling of 1.5 to 2.0, we determined the need for 44 to 250 inpatient/ED cases (per season and age group) to estimate a VE of 50% to 70%, assuming 900 subcohort children per age group per year per county. Using similar assumptions, we estimated the need for 33 outpatient cases, with 360 outpatient subcohort children per year per age group.
Analyses
Bivariate analysis of demographics and overall influenza vaccination status at the end of the influenza season used 2 analyses to compare cases with subcohort subjects. The primary analysis used a Cox proportional hazards model with time-dependent covariates. A time-dependent variable for vaccination status (complete, partial, and unvaccinated) was evaluated to assess the vaccination status of the subcohort when the case actually developed influenza as opposed to evaluating the vaccination status of the (REPRINTED) ARCH PEDIATR ADOLESC MED/ VOL 162 (NO. 10), OCT 2008 WWW.ARCHPEDIATRICS.COM 945 subcohort at the end of the season. Each subject entered the analysis at the beginning of the influenza season, with the time dimension measured as the number of days from the beginning of the influenza season until influenza illness onset or the end of the season, whichever came first. Vaccination was considered as a timedependent covariate because vaccinations occurred before and during influenza seasons.
The VE was calculated for 2 settings (inpatient/ED and outpatient) and 3 age groups (6-23, 24-59, and 6-59 months) as well as 2 influenza seasons (2003-2004 and 2004-2005) . We combined data across the 3 communities by fitting a stratified Cox model with study site as the strata. We included sex, insurance status, and high-risk condition (Table 1) as potential covariates based on prior studies. For the primary analysis, influenza VE was estimated as percentage of VE=(1−aHRR)ϫ100, where aHRR is the adjusted hazard rate ratio for influenza in fully or partially vaccinated subjects relative to unvaccinated subjects. We calculated 95% confidence intervals around VE.
Because in a case-cohort design, some subcohort subjects might have had influenza-related visits but were not enrolled in the study, we used a pseudo-likelihood method instead of the usual partial likelihood function to estimate the coefficients. 30, 36 Because of intracluster correlation inherent to the cluster sampling design, we computed robust design-based variance estimators. 37 In addition, because of complexities in estimating standard errors for Cox regression coefficients in a casecohort design using cluster sampling, we also used bootstrap sampling methods for comparison with the Cox regression results 38 ; findings were similar to the Cox regression results and are not reported (but are available on request). Table 1 shows demographic characteristics of the cases and subcohort for both seasons combined since characteristics did not vary between the seasons. For the inpatient/ED study, cases were more likely than subcohort subjects to be younger and male, have public or no insurance, and have a high-risk condition recommended for influenza vaccination. We adjusted for these variables in the analyses. Table 2 shows results of bivariate comparisons of the influenza vaccination status for cases vs the subcohort for the inpatient/ED and outpatient components of the study during each season. Although a higher proportion of the subcohort than the cases received vaccinations in all age groups, this reached statistical significance only for the inpatient/ED study in 3 age groups: children aged 6 to 59 months in both years and children aged 6 to 23 months in the 2004-2005 season. Table 3 shows, the small number of cases in each age group resulted in wide confidence intervals around all VE calculations. During both seasons, children who had high-risk chronic conditions and those who had public insurance or no insurance were more likely to have inpatient/ED visits than their counterparts.
RESULTS
DEMOGRAPHICS
VACCINATION STATUS OF CASES AND SUBCOHORT
VACCINE EFFECTIVENESS
Inpatient/ED Visits
Outpatient Visits
No significant VE in the outpatient setting was observed for any age group for either season ( Table 4) . Although the VE appeared appreciable for several age groups, particularly in 2003-2004, the small number of cases resulted in wide confidence intervals and, thus, no statistically significant findings.
COMMENT
Although on bivariate analyses the subcohort had consistently higher vaccination rates than the cases for most age strata, after adjustment for covariates, we could not demonstrate statistically significant VE for the 6 to 23 month, 24 to 59 month, or the entire 6 to 59 month age groups in either season.
Although randomized clinical trials and several studies in the general population have shown positive VE, several limitations in prior studies and our current study likely account for these differences. One major limitation in prior studies has involved the use of nonspecific end points (ILI) instead of laboratory-confirmed influenza. Others include a focus on one type of health care setting, such as inpatient care, and assessment of VE for a single season only. Further, VE can vary in different populations by age and presence of a high-risk chronic condition recommended for influenza vaccination, in addition to season and type of setting.
Our study design attempted to address several of these methodological concerns; we chose cases with laboratoryconfirmed influenza infection and studied different age groups attending multiple types of health care settings and across 2 consecutive seasons. Further, we hoped that the case-cohort design with the use of an approximate random sample for the comparison group would reduce overall bias and increase generalizability of the findings.
Nevertheless, several factors contributed to the difficulty in demonstrating a positive VE in our study and to different findings from results of clinical trials. These factors included a relatively poor vaccine match for both study years; relatively small sample sizes for influenzapositive cases within each stratum evaluated, particularly when each stratum was further divided into fully, partially, and unvaccinated groups; and low vaccination rates overall. While any single factor would present a methodological challenge to demonstrating VE, the combination of factors made it extremely difficult to demonstrate statistically significant VE.
SUBOPTIMAL MATCH BETWEEN VACCINE AND CIRCULATING INFLUENZA STRAINS
During the 2003-2004 season, 99% of circulating strains in these 3 communities were due to influenza A virus, but only 11% of influenza A specimens across the United States were similar to a strain included in the vaccine. cally similar to vaccine strains. 40 Characterization of a limited number of isolates from the 3 study counties supported the overall US data regarding seasonal and vaccine strains. Thus, the lack of demonstrable VE in our study may have been due to the suboptimal match between influenza strains in the virus and strains circulating in the 3 communities. Interestingly, a recent study in 2004-2005 noted positive VE in adults for inactivated influenza vaccine even though all of the isolates were drifted variants. 41 It is possible that the vaccine has less effectiveness among children. Although vaccines with better matches to circulating influenza strains are clearly needed, it is extremely challenging to predict which influenza strains will circulate and not possible to predict geographic variability in circulating strains.
SAMPLE SIZES
Despite active surveillance with a large population base of more than 150 000 children younger than 5 years, and identification of more than 400 laboratory-confirmed influenza-positive cases, our sample sizes were still limited in several ways. First, it is difficult to demonstrate VE during a mild influenza season because relatively few excess health care visits are generated by influenzarelated illnesses. The 2003-2004 season began early, and following a number of well-publicized pediatric deaths early in the season, was a moderate to severe season in several regions in the United States. In Nashville, the season was more severe, with many inpatient/ED cases, but in Rochester it was mild, with few inpatient or ED cases. The 2004-2005 season was a mild one at both sites, with no excess mortality in adults demonstrated. 40, 42 Second, since we believed VE might vary by season, age group, and presence of a high-risk chronic condition recommended for vaccination, we calculated VE for individual strata, which further placed a sample size constraint on our study. Third, the power to detect a significant VE is poor when vaccination coverage in the population is low, as it was in our study. A particularly challenging problem for VE studies that are performed prior to full vaccine recommendation is that low vaccination coverage will limit the power to detect VE at the same time that policy makers would like a demonstrable VE prior to making more widespread recommendations. Finally, smaller sample sizes are needed to demonstrate higher VE; for VE of less than 50%, large sample sizes are needed.
PROPENSITY TO SEEK HEALTHCARE
Another methodological challenge in many studies, including ours, is that the threshold to seek medical care may differ among families who bring their child in for vaccination compared with those who do not. 43 This higher propensity to seek health care among vaccinated individuals would tend to reduce the VE in studies such as ours that use the general population as controls, and case-cohort study designs may be particularly susceptible to this bias. Studies using case-control designs that select controls in the same manner as cases would not be affected by this factor. In a separate analysis of VE using this population, we found a case-control design that selected controls from noninfluenza ARI enrollees from the same setting that yielded comparison groups that were demographically more similar. 
INACTIVATED VACCINE
We evaluated VE for trivalent inactivated influenza vaccine and not for live-attenuated vaccine, which has been recently shown in young children to be more efficacious than inactivated vaccine.
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ADJUSTING FOR CONFOUNDERS
We found on bivariate analyses that in almost every age group and setting, and for both seasons, cases had lower vaccination coverage than did the subcohort controls ( Table 2 ), suggesting that we might observe a positive VE when we performed the more accurate adjusted analyses. Yet we could not demonstrate significant VE after we adjusted for confounders using a time-dependent multivariable analysis. This discrepancy was due to several factors. First, since children in the subcohort were on average vaccinated later than cases by 12 days, the crude vaccination rate exaggerated the differences between cases and controls, while the multivariate model considered the timing of vaccination, some of which occurred during the influenza season. Adjusting for vaccination timing did not affect results for cases or subcohort controls who were vaccinated prior to the influenza season. In addition, children with public or no insurance were more likely to be cases and less likely to be vaccinated. The multivariable model adjusted for these differences. Finally, we adjusted for potential differences across counties by stratifying the analyses by geographic site. Geographic variations in VE could theoretically occur from different circulating virus strains in different counties and also from geographic variations in the threshold for hospitalizations, ED visits, or outpatient visits. Although we have previously noted that the 3 counties combined had vaccination rates similar to US rates 32 and health care use patterns that are also similar to national rates (P.G.S. and R. Barth, BA, unpublished data, June 2006), 48, 49 we have also observed variations across the 3 counties in inpatient, ED, and outpatient burden of influenza disease. 5, 6 Thus, we adjusted for county in multivariate analyses.
CONCLUSIONS
Each year, US children aged 6 to 59 months experience high rates of hospitalizations, ED visits, and outpatient visits due to influenza. Despite this, we were unable across 3 large communities to demonstrate that influenza vaccination was effective in preventing influenza-related inpatient/ED visits or outpatient visits during 2 consecutive seasons (2003-2004 and 2004-2005 ) among 6-to 23-month-olds, 24-to 59-month-olds, or the entire age span. The case-cohort study design has important limitations in being able to annually assess influenza VE. Our experience suggests that the case-cohort design is inefficient and may insufficiently account for important factors, such as propensity to seek care. Further studies of influenza VE are needed using a variety of study designs (that adjust for confounders) to assess the yearly impact of influenza vaccination programs for children, particularly as higher rates of vaccination are achieved in the study population. Abbreviations: aHRR, adjusted hazard rate ratio; CI, confidence interval; VE, vaccine effectiveness. a Standard errors were calculated using geographic location as a strata variable. b VE percentage is estimated as (1− aHRR)ϫ100. c Reference = unvaccinated. d Reference = private insurance.
